This paper addresses the design and implementation of a conceptual Enhanced/Synthetic Vision Primary Flight Display format. The goal of this work is to explore the means to provide the operator of a UAV with an integrated view of the constraints for the velocity vector, resulting in an explicit depiction of the margins/boundaries of the multi-dimensional maneuver space. For non-time-critical situations, this is expected to provide support when the operator has the authority to manually set avoidance maneuvers, or approve, veto or modify velocity vector changes proposed by the automation. The integration of the upper bounds of the maneuver space, resulting from energy constraints, and the lower bounds, resulting from terrain will be illustrated. Additionally, the application of a maneuver cost function will be discussed, for identifying and prioritizing conflict avoidance options from an integrated multi-dimensional maneuver space, and communicating those to the operator. Although the integrated avoidance functions have been developed with the UAV application in mind, they have equal merit for manned aircraft. The need for specific GUI elements depends on the level of authority of the system and the role of the operator/pilot, which may differ between manned and unmanned applications.
INTRODUCTION

Background
Current systems that serve as a safety net by providing the pilot of an aircraft with hazard detection and maneuver commands, such as the Traffic Collision Avoidance System (TCAS) and Terrain Awareness and Warning System (TAWS), operate on a relatively short look-ahead basis (time-critical), only support one-dimensional hazard avoidance maneuvers 1,2 and are not integrated, i.e. lack the possibility to coordinate maneuvers. At some time before a predicted collision (approx. 50 seconds with TCAS and 60 seconds with TAWS), the pilot is informed by means of a TCAS Traffic Advisory (TA) or a TAWS terrain caution. Following this, there is still a limited amount of time available to the pilot to decide upon the best course of action . In case the hazard is still present at the alert time (approx. 20 seconds with TCAS and 30 seconds with TAWS), a command is issued that the pilot has to obey.
In Refs 3-6 it is argued that for these latter, time-critical situations, Unmanned Aerial Vehicles (UAVs) should possess an autonomous collision avoidance system. In Ref. 6 it is also suggested that for the phase before this time-critical situation, the benefits of human operator involvement in the assessment of the situation should be considered. In Ref. 7 it is indicated that to suit the UAV domain, the autonomy of current systems such as TCAS cannot simple be increased. Although some of the limiting factors may be mitigated when more accurate information becomes available (e.g. altitude), climb performance limitations may make it impossible to execute the required range of TCAS advisories. A similar reasoning can be applied to autonomous TAWS. To deal with a larger range in performance capabilities between different types of vehicles and not base the envelope of maneuver commands on the worst case situation, the actual performance limitations need to be used when generating resolution commands.
Furthermore, up to the time-critical situation, the role of the pilot goes beyond that of a servo executing the command issued by the resolution system. Merely increasing the autonomy of a system does not benefit from the capability of a ,[L9!C GLLS!U
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LGSf pilot/operator to recognize and exploit better (e.g., multi-dimensional) opportunities by integrating information that might not be available to the separate automated functions, such as when a small change in track is sufficient to clear an obstacle, preventing the need for a steep climb. Finally, in case of multiple alerts, it is the pilot that prioritizes them and needs to ensure that the solution to one conflict does not cause a new one. Replicating this function will require a closer integration between the various warning systems. Research has been addressing both multi-dimensional conflict avoidance maneuvers and the integration of multiple alerting systems. In Ref. 8 , a pilot support system that can suggest multi-dimensional maneuvers is described. In Ref. 9 , a concept for multi-dimensional maneuvers is discussed based on an analogy with force-fields. In Ref. 10 , the design and evaluation of an integrated avionics alerting system is described. Regarding the lack of integration, it is pointed out that current alerting systems lack a common framework to share intent and integrate and prioritize information.
Hence, although functions similar to those found in warning systems used in commercial aircraft may be suitable, they should not be realized by simple increasing the autonomy level of the existing systems. Additional functionality is needed to compensate for the lack of availability of the functions performed by the pilot. At the least, this functionality comprises integration and prioritization of information.
Common framework to integrate and prioritize information
Based on an analysis of earlier research into nautical and aeronautical navigation conflict-and collision avoidance concepts, a concept for UAV operator involvement for airborne conflict detection and resolution was proposed 6 . The Graphical User Interface (GUI) of this concept includes the integration of conflict probing data into a Cockpit Display of Traffic Information (CDTI) and an Enhanced/Synthetic Vision (ESV) Primary Flight Display (PFD). Whereas a conflict predictor performs an extrapolation of the current state of all relevant objects to determine whether at some time in the future a loss of separation will occur, a conflict probe performs the extrapolation for a range of states. The resulting data can be used to provide the operator with information on the effect of changes to the current velocity vector (both direction and magnitude) and keep the operator aware of those changes that will lead to a future loss of separation. Figure 1 illustrates the implementation of this concept into the ESV PFD of our research simulator. Color coded conflict areas, with color indicating time to loss of separation, are used to indicate those combinations of track and Flight Path Angle (FPA) that are predicted to cause a loss of separation within a pre-defined time.
In a parallel study 11 it was recognized that the concept of conflict probing provides an opportunity to create a framework that can be used to integrate and share data between different types of conflict awareness functions (e.g. terrain, traffic, airspace) and for the integration of additional constraints (e.g., performance limitations). The probes provide time to loss of separation (T2LOS) for a set of changes to the current direction of the velocity vector, within a pre-defined lookahead distance. The results can be represented as a layered matrix of records, as is illustrated in Figure 2 . Each cell in the matrix contains a record with the time to loss of separation for e.g., terrain, traffic, restricted airspace and threats for a particular track and FPA. The red cells in Figure 2 represent those velocity vector directions for which the time to loss of separation is below a pre-defined value; the set of these directions represents the conflict space in the Flight Path Vector (FPV) domain. Using the matrix layers to integrate the information from the separate probes and additional constraints such as performance constraints, the combined solution (or maneuver-) space is immediately available. A conflict avoidance function can search for all track and flight path angle combinations in the integrated matrix that do not lead to a loss of separation within a pre-defined look-ahead time, and prioritize the options according to pre-defined criteria.
The way the probing data is obtained, and stored as samples in the FPV domain, makes it readily available to be conformally integrated into an EVS PFD. The result is an integrated view of all constraints for the direction of the velocity vector, intended to support the operator in understanding avoidance maneuvers generated by the automated system. For non-time-critical events, the explicit depiction of the boundaries of the multi-dimensional maneuver space, provides support in case the operator has the authority to manually set avoidance maneuvers, or approve, veto or modify FPV changes proposed by the automation. This paper addresses the design and implementation of a conceptual ESV PFD format that will be used to explore the integration of the upper bounds of the maneuver space, resulting from energy constraints, and the lower bounds, resulting from terrain. Additionally, the application of a maneuver cost function will be discussed, for identifying and prioritizing conflict avoidance options from the integrated multi-dimensional maneuver space, and communicating those to the operator.
AWARENESS OF THE ENERGY CONSTRAINTS
Use of energy principles
To execute the desired flight path, an FPA and track angle command are provided to the guidance and control system. If the role of the operator includes making decisions regarding changes to the intended flight path, information about the ability of the system to capture and track the intended path is needed. The ability of the system to capture and track the intended path is determined by the current vehicle state, the vehicle dynamics and the maximum or minimum rate of change of energy or rate of energy transfer that can be generated. Table 1 illustrates the energy states that can occur when a guidance and control system is provided with a commanded FPA. In case envelope protection is not available or not active, situations 2c and 3 can result in a stall of the aircraft. When presented with a commanded FPA on a conventional PFD, the operator is not provided with the information needed to anticipate whether situation 1, 2 or 3 will occur. The addition of a Potential Flight Path Angle (PFPA) marker -as is common in most HUD formats-allows the operator to identify situation 1, but not to distinguish between situation 2 and 3.
In Ref.
12 it is illustrated how, based on energy principles, the future target state can be used to derive required thrust and flight path angle for optimal feed-forward control. This approach also provides the possibility to anticipate and prevent dangerous low-energy situations. Whereas the proposed Energy Management PFD is intended to include guidance information on how to optimally transition from one energy state to another, our main goal is to provide awareness of maneuver constraints. The current vehicle state determines the excess kinetic energy relative to maximum or minimum allowable speed that is available for vertical maneuvering. As in certain situations option 3c may be the best way to avoid a collision, a distinction should be made between the maximum climb angle that the vehicle can fly with constant speed at maximum engine thrust, (maximum Potential Flight Path Angle -PFPA MAX ), and the incremental altitude that the vehicle can attain above the PFPA MAX flight path by exchanging altitude for speed, until speed has decreased to near stall speed. In Ref. 12 , integration of PFPA MAX on the attitude indicator is proposed to provide pilots with the required awareness of energy rate and maximum safe energy exchange capability.
Concept and Implementation
Figure 3(a) illustrates the conceptual depiction of PFPA MAX in the FPV domain for a steady symmetric flight condition. The green region represents the set of sustainable FPVs. In this concept, the PFPA MAX resembles the upper limit of the available maneuver space. The operator can see that as long as the FPV lies in the green region below the PFPA MAX , the intended path can be executed without exchanging kinetic energy (velocity) for potential energy (altitude). The maximum sustainable flight path angle is affected by bank angle as lift and drag change with increasing bank angle. To be able to integrate the PFPA MAX indicators in an ESV PFD for providing energy awareness during turns, this dependency has to be translated to the FPV domain. Given a flight control system that employs a constant roll rate (Φ') up to the maximum allowed bank angle Φ MAX , the bank angle Φ as a function of time can be expressed by Equation , describing the change of track that results from a constant roll rate turn for a change in bank angle from Φ=Φ 0 to Φ=Φ e . Note that this expression is only valid when Φ 0 and Φ e have the same sign. Using a model to determine the PFPA MAX based on a set of reference bank angles, Equation 4 can be used to construct the PFPA MAX line in the FPV domain for presentation during lateral maneuvering, as is illustrated by Figure  3 
To evaluate different concepts for the GUI and to assess the GUI for different levels of automation, a simulation environment has been developed 13, 14 . Figure 4 presents the implementation of PFPA MAX (transition to darker shade of blue) into the ESV PFD of our research simulator. The vertical speed indicator also includes PFPA MAX equivalent energy awareness cues through depiction of the vertical speed that corresponds to PFPA MAX (transition to black background on the vertical speed indicator). When the aircraft has to deviate from the planned path for avoiding conflicts or meeting changed objectives, the possibility to anticipate the sustainability of the desired flight path can prevent situations in which the envelope protection function has to intervene; or -in case envelope protection is not available or not activesituations that result in a stall of the aircraft. To illustrate such conditions, Figure 4 depicts a situation where the airplane cannot fly straight ahead and over the mountainous terrain ahead, but can safely fly to the left or the right of the mountain peak, with an FPA less than PFPA MAX . Figure 5 shows the presentation of PFPA MAX while in a maximum banked turn. This study focuses on providing UAV operator support for supervisory control concepts, to be used for non-time-critical decisions. In such concepts the operator assesses FPV suggestions generated by the automated conflict avoidance system and exercises control by means of approving, vetoing or modifying these discrete FPV commands. As this does not involve continuous manual control of the velocity vector, the energy awareness concept as presented in Figures 3(a) and 4 is best suited for this task and will be used to further illustrate the conceptual display formats for the remainder of this paper. 
AWARENESS OF TERRAIN CONSTRAINTS
Concept
Whereas airplane energy and performance constraints impose an upper limit on the maneuvering space, the terrain imposes a lower limit, designated as FPA MIN . FPA MIN is defined her as the FPA that will lead to a loss of separation with the terrain within a pre-defined look-ahead time. This lower limit can be integrated into the display as a function of track. Figure 6 shows a side view vertical path profile to illustrate this concept. Aircraft 1 in Figure 6 is flying at an altitude h1, aircraft 2 at an altitude h2. The PFPA MAX is the same for both aircraft, and as a result within the look-ahead time they both could gain an amount of Δh in altitude in a maximum power climb at the current speed. The grey contour at the bottom represents the surface below which minimum separation with the terrain is lost. For aircraft 1, the FPA that leads to a loss of separation with the terrain within the look-ahead time (FPA MIN ) lies outside the displayed vertical field of view (VFOV). For aircraft 2, FPA MIN lies within the VFOV. The figures on the right illustrate how the PFPA MAX and FPA MIN information would be projected on the one-dimensional (information representative for the current track only) attitude indicators of each of the aircrafts. Probing the terrain for a range of changes in track and FPA, results in the minimum required FPA as a function of track that can be depicted two-dimensionally in the ESV PFD. It is important to understand that the FPA MIN as defined in this concept, does not result from a vertical cut through terrain at the lookahead distance, but from the projection of the terrain up to the look-ahead distance, as if observed by a ranging sensor. To prevent situations in which terrain suddenly presents unachievable maneuvering requirements, the vehicle's maneuvering capabilities and expected terrain features should be taken into account for determining the appropriate look-ahead distance. Note that the FPA MIN can be computed from a terrain database and/or actual ranging sensor measurements. Figure 7 depicts the conceptual integration of PFPA MAX and FPA MIN information into the FPV domain. Note that, in analogy with the FPA MIN concept, the depicted terrain does not represent a vertical cut through terrain at a single distance, but a projection of the terrain up to the look-ahead distance. The green regions represent the set of sustainable FPVs that will not lead to a loss of separation with the terrain within a pre-defined look-ahead time. In this concept, the display shows the operator the FPV options, that can be executed without exchanging kinetic energy (velocity) for potential energy (altitude) and with enough separation with respect to the terrain; i.e, the sustainable and safe flight paths. Figure 7(b) illustrates the use of a linear maneuver cost function, C=f(∆FPA, ∆Track), that can be used to weigh conflict avoidance options according to maneuver efficiency or preferences. The dotted diamond represents those FPV options that result in a maneuver cost equal to a single-dimensional climb maneuver; all options within the diamond are less costly. Hence, the heavier shaded green area represents the set of sustainable terrain avoidance maneuvers that result in lower maneuver cost than a single-dimensional climb maneuver. Section 4, covering conflict avoidance, elaborates more on the maneuver cost function. Figure 8 illustrates the ESV PFD with PFPA MAX cues and presentation of the Digital Terrain Elevation Database (DTED). Whereas the depiction of the DTED provides awareness of situations that eventually will lead to a loss of separation with the terrain (situations in which the FPV is directed towards terrain can be recognized), it does not provide awareness of when the separation with the terrain will become an issue. It lacks the ability to provides temporal awareness; hence, depiction of the DTED does not provide information that is directly actionable or explicitly assessable to the operator. As illustrated earlier, the FPA MIN explicitly represents the lower boundaries of the maneuver space; as the FPA MIN is based on a predefined look-ahead time, depiction of FPA MIN also adds temporal awareness of the terrain constraints. Figure 9 illustrates the presentation of the minimal required FPA as a function of track, up to two different time horizons, the alert time (T AL ) and the look-ahead time (T LA ), where T AL < T LA . As FPA MIN results from a projection of the terrain up to the time horizon, higher terrain features that are within multiple horizons (such as the ridge depicted in the left side of the display) can cause the FPA MIN loci for different horizons to merge. The FPA MIN loci have been color-coded based on the time to loss of separation. The colors used, correspond with the time intervals depicted on the dial instrument in the lower left corner; the digital readout of this timer indicates the time to loss of separation based on the current FPV. With a display concept as is depicted in Figure 9 , the operator can immediately see:
Implementation
• when the current FPV will lead to a loss of separation with terrain;
• where the FPV should be kept to be assured that terrain will not become an issue within the chosen time horizons; • whether intended terrain avoidance maneuvers are sustainable. 
iPi ii
Given the rationale behind the FPA MIN cues, an important question is whether the synthetic depiction of the DTED provides any additional awareness over the depiction of FPA MIN that is based on an appropriate look-ahead distance. Figure 10 shows the ESV PFD for the same situation as depicted in Figure 9 , but without the DTED. One might argue that leaving DTED out increases prominence of the explicitly depicted maneuver space boundaries. Finally, Figures 11  and 12 illustrate the conformal integration of FPA MIN cues into the video from a nose-mounted camera, both for clear and somewhat limited visibility conditions. These examples demonstrate the potential synergy resulting from conformally integrating information on maneuver space constraints provided by dissimilar sources. 
INTEGRATED CONFLICT AVOIDANCE
Concept
Now that the rationale behind, and the implementation of the maneuver space depiction have been addressed, the conflict avoidance phase will be discussed. The primary question in this phase is what criteria should be used to identify and select the most appropriate avoidance option from the total, multi-dimensional, maneuver space. One factor to be taken into account is the stability of the avoidance option. An avoidance maneuver that is based on the same look-ahead distance as the one used by the triggered alerting function(s), is predicted to be conflict free, but might not be alert free for up to that distance. Hence, while in the process of executing that maneuver, new alerts, requiring new maneuvers might arise. The design of our conflict avoidance function includes the requirement to be able to control the time-scale on which this is allowed to occur, by setting a pre-defined time for which the conflict alerting function should not be triggered again during the execution of the chosen avoidance maneuver. E.g., to make sure that after its execution, the avoidance maneuver stays valid, without resulting in new conflict alerts, for at least a ∆T time period, the avoidance maneuver that is selected for execution should be based on a look-ahead horizon of T LA = T AL +∆T.
The second factor that has to be addressed is the cost of the avoidance option. The way the probing data is stored as samples in the FPV domain, allows for convenient application of any desired cost function to the solution space resulting from the total probing matrix. In the current design, the conflict avoidance options generated by the automation are identified and prioritized by means of a linear maneuver cost function (C), as is given by Equation 5 . This function describes the cost trade-offs that exist between maneuvering in the lateral or vertical plane. Based on Equation 5, Figure  13 (a) illustrates three constant cost lines, where the lines further away from the origin indicate a higher maneuver cost, given the mission depended cost factors k 1 to k 4 remain constant. Figure 13 (b) illustrates the shape of the cost function for a constant cost, given that the lateral maneuvering cost factors k 2 and k 4 increase. 
Implementation
Figures 14-17 illustrate the concept for conflict avoidance support based on the previously discussed energy and terrain constraints. Included is a demonstration of the use of the maneuver cost function to determine appropriate avoidance maneuvers and communicate those to the operator. In these examples the lateral maneuver cost is assumed to be symmetrical, i.e., k2=k4. Note that at this stage of the project the cost function is used for exploring automation generated conflict avoidance and is not intended as an instrument to be used by the operator. The depiction of the upper half of the cost function in the following figures is for illustrational purposes. , an alert is given and the maneuver cost function is used to determine appropriate avoidance maneuvers. The upper part of the maneuver cost function, depicted by the green chevron, is based on a lateral cost ratio of R L =k 2 /k 1 =k 4 /k 1 =0.5; i.e., the cost of maneuvering vertically is weighed twice as heavy as maneuvering laterally. Given this cost function, no multidimensional avoidance options are identified; thus, a single-dimensional vertical maneuver is best suited to resolve the conflict depicted in this example.
To illustrate the effect of a reduction of the lateral cost ratio on the identified avoidance options, Figure 15 shows the situation for R L =0.4. Loosening the lateral cost in this way reveals a multi-dimensional maneuver option to the right of the obstacle on the T AL horizon -denoted by the yellow diamond labeled A -that is less costly then a single-dimensional climb. As this avoidance option is based on FPA MIN [T AL ], the execution of this option would result in a flight path that is predicted to be conflict free for the T AL time-span, but might not be alert free for that period. To make sure that after the execution the avoidance maneuver stays valid, i.e., without resulting in new conflict alerts, for at least a ∆T time period, the avoidance maneuver that is selected for execution is based on the FPA MIN [T LA = T AL +∆T]. As in this case no multidimensional options on this T LA horizon are available, this requirement can only be met by the single-dimensional climb, just like in the previous example. Figure 16 shows the situation for R L =0.2. Based on this cost criterion several multidimensional maneuver options are identified, two on the T AL horizon -denoted by the yellow diamonds labeled A and Band one on the T LA = T AL +∆T horizon -denoted by the green diamond labeled A. In contrast to the yellow ones, the green diamond represents a multi-dimensional maneuver of which execution results in a flight path that stays alert free for at least the predetermined time-span ∆T. To further support the discussion on the function of displaying the DTED, Figure 17 shows the same situation as depicted in Figure 16 , but without depiction of the DTED. Once a predefined time threshold for automatic conflict avoidance is passed, the least costly maneuver option based on FPA MIN [T LA ] is set as the commanded FPV and automatically executed. 
SUMMARY AND CONCLUSION
To suit the UAV domain, the autonomy of current alerting systems such as TCAS or TAWS cannot simple be increased. One area of concern is the larger range in performance capabilities that exists between different types of UAVs. Another is that current systems lack a common framework to share intent and integrate and prioritize information for coordination of conflict resolutions. Furthermore, for situations up to the time-critical domain, the role of the human operator and the opportunities of involving the human operator in the conflict avoidance phase, need to be addressed. In a parallel research project, the concept of conflict probing has been identified as an opportunity to create a common framework that can be used to integrate and share data between different types of conflict awareness functions and for the integration of additional constraints. The way the probing data is obtained, and stored as samples in the FPV domain, makes it readily available to be conformally integrated into an EVS PFD.
This paper addressed the design and implementation of a conceptual ESV PFD format. The goal of this work is to explore the means to provide the operator of a UAV with an integrated view of the constraints for the velocity vector, resulting in an explicit depiction of the margins/boundaries of the multi-dimensional maneuver space. For non-timecritical situations, this is expected to provide support when the operator has the authority to manually set avoidance maneuvers, or approve, veto or modify FPV changes proposed by the automation. The integration of the upper bounds of the maneuver space, resulting from energy constraints, and the lower bounds, resulting from terrain has been illustrated. With the resulting display concept, the operator can immediately see:
• when the current velocity vector will lead to a loss of separation with terrain;
• where the velocity vector should be directed to be assured that terrain will not become an issue within a predefined time horizon; • whether intended conflict avoidance maneuvers are sustainable, given the vehicle's actual performance limitations.
Additionally, the application of a maneuver cost function was discussed, for identifying and prioritizing conflict avoidance options from an integrated multi-dimensional maneuver space, and communicating those to the operator. Although the integrated avoidance functions have been developed with the UAV application in mind, they have equal merit for manned aircraft. The need for specific GUI elements depends on the level of authority of the system and the role of the operator/pilot, which may differ between manned and unmanned applications.
